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1. Introduction 
Oceans and the atmosphere are constantly interacting with each other. They exchange 
energy during evaporation and condensation processes. Horizontally, surface winds 
drive upper ocean currents and redistribute warm water polewards and cold water 
equatorwards. In addition to exchanges of thermal and mechanical energy, oceans and 
the atmosphere exchange a multitude of chemicals (besides water) that have effects on 
global biogeochemical cycles. 
Studies of the impact of acid rain on the environment, made in the 80s, evidenced the 
importance of the atmosphere as a source of nutrients to marine ecosystems, even at 
large scales and long distances away from the origin. Atmospheric deposition of 
nitrogen, phosphorus and iron in marine systems became a process to be considered 
from an ecological perspective (Duce, 1986), and in some cases the deposition of 
nutrients over ocean areas have been found to exceed riverine inputs (Duce, 1986). 
Studying the interactions between the atmosphere and oceans is important to understand 
global biogeochemical cycles and to be able to predict them (Bonnet et al., 2005). This 
is especially relevant in oligotrophic seas like the Mediterranean, where the contribution 
of “new” nutrients is essential for primary production. Despite the potential contribution 
of atmospheric nutrients to marine production, evidence of effects is hard to find and 
results are unclear. 
It is the purpose of this study to explore the relationship between atmospheric 
deposition over the Mediterranean and primary production, using time series, large scale 
synoptic data and statistical tools in order to find unconspicous trends. 
 
1.1 Dust in the atmosphere  
The aerosol components can be of natural origin, predominantly generated from low 
temperature processes, or of anthropogenic derivation, generated by high temperature 
processes (Chester, 2000). The aerosol of terrestrial origin is the result of mechanical 
erosion processes, chemical and biological alteration and aeolian deflation. 
Meteorological processes mediate the crushing of the substrate creating fine particles 
(disintegration), while mobilization, transport and deposition are controlled by wind 
action (Schütz et al., 1990; Nickling, 1996). 
In arid and semi-arid regions the inconsistency and the dryness of the ground increase 
erodible surfaces remarkably and consequently aeolian deflation increases (Fig. 1). In 
fact, it is during strong winds that the larger phenomena of desert dust transport occur. 
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They cause lifting of large amounts of terrestrial material from the surface to great 
heights and transport of dust particles over long distances (Péwé, 1981). 
The mineralogical and chemical composition of natural aerosols depends mostly on the 
geology of the substrate, and on climatic and meteorological conditions in the zone of 
origin. It is characterized by the presence of elevated concentrations of lithic elements 
like aluminum (Al), silicon (Si), iron (Fe), scandium (Sc), etc. (UNEP/WMO, 1998). 
The dusts of crustal origin have a great importance in aerosol composition (Rodriguez et 
al., 2001; Querol et al., 2004). The particles are constituted mainly from silicates 
(argillaceous quartz), minerals (above all kaolinite, illite), feldspars, carbonates (calcite 
and dolomite) and a smaller amount of calcium sulfate and iron oxides (Yaalon & 
Ganor, 1979).  
The presence of dust of crustal origin in the atmosphere has been found all over the 
planet (Péwé, 1981) with greater concentrations in the boreal hemisphere, where there is 
a greater extension of land compared with the austral hemisphere (Chester, 2000). The 
main source areas of crustal aerosols (Fig. 2) are concentrated in (1) the subtropical 
desert regions that are in the latitudinal band between West Africa and Central Asia and 
(2) semi-arid and sub-humid regions, where plowed soils are exposed to high winds 
during certain periods. Among the most productive areas we find the Saharan area, the 
southern coasts of the Mediterranean, the northeastern region of Sudan (especially the 
Bodélé depression), the Arabian Peninsula, the plains of Volga and Caucasus, the Gobi 
desert, the arid areas of North and South America and  large parts of Australia 
(Prospero, 1981b; Péwé, 1981). 
The annual remobilization of crustal minerals from these areas amounts to 500 to 2500 
Mt of material according to estimates by various authors (Schütz & Sebert, 1987; 
Andereae, 1995; Duce, 1995; Jickells et al., 2005) (Table 1). More recent estimates, 
obtained through several large-scale multiannual sampling programs, that include 
remote stations in the Pacific and North Atlantic and in continental regions like Asia, 
Africa, Europe and North America, tend to be the larger ones. 
1.2 The Saharan region 
The Sahara Desert is considered the most important source of dust in the world 
(Prospero et al., 1981b; Schütz et al., 1981; Pye, 1987, Dulac et al., 1996; Prospero, 
1996; Chester, 2000). The mineral dust, produced by wind erosion over arid and semi-
arid areas of North Africa, may be transported away to the Mediterranean sea (Loye-
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Pilot et al., 1986; Guerzoni et al., 1997), Southern Europe (Avila et al., 1997, 
Rodriguez et al., 2001), sometimes reaching Scandinavia (Franzén et al., 1994a, b), or 
head east across the Eastern Mediterranean (Herut & Krom, 1996; Kubilay et al., 2000) 
reaching the Middle East (Ganor, 1991), and even across the Atlantic Ocean (Kallos et 
al., 2003) reaching North America (Prospero, 1999). 
The Saharan zone can be considered a large tank where dust generation is continuous, 
but aerosols will cross the desert borders only under specific weather conditions. Schütz 
(1989) showed that the flow of dust from the Sahara to the Mediterranean and Europe is 
not really constant, but can be defined as intermittent. 
In the Sahara there are several areas considered as main sources of production (Yaalon 
& Ganor, 1979; D'Almeida, 1986). The areas A1, A2, A3 and A4 (Fig. 3) are the four 
sources feeding the Western Mediterranean and Eastern Europe and the Middle East. 
D'Almeida (1986) estimated that the total annual production in the Saharan region is ca. 
700 Mt, of which 60% is directed towards the Gulf of Guinea and then to the south, 
while 30% travels to the Atlantic Ocean and then to the Caribbean Sea. Transport to the 
Mediterranean, Europe and the Middle East is approximately 12% of total, thus 
corresponding to ca. 100 Mt (ca. 13 Mt with a grain size <5µm) (Fig. 4). Guerzoni & 
Molinaroli (2005) calculated that the source areas A1, A2 and A3 could produce a 
larger quantity of dust, exceeding 200 Mt yr-1, while production in A4 is relatively low. 
These estimates are subject to considerable uncertainty in relation to the variability of 
large-scale weather features (particularly dry years, latitudinal position of the inter-
tropical convergence zone, etc.), which can lead to large interannual fluctuations. 
Legrand (1990) identified three additional sources of dust (Fig. 3). The M1 and M2 
areas are sources feeding the Western Mediterranean, while the dust from area M3 
reaches the Eastern Mediterranean. Two other areas (S1 and S2) in the south of the 
Sahara and Sahel do not show relevant contributions in the Mediterranean but are 
particularly active sources of dust transported to the Atlantic Ocean. 
Although many indirect estimates (through satellite radiometers and models) show that 
the peak of transport to Europe occurs in summer (Dulac et al., 1992; Lambert et al., 
1995), Barnaba & Gobbi (2004) showed that in 2001, the maximum transport occurred 
over the central Mediterranean in the spring, with slightly lower but similar amounts in 
summer and autumn. During this season average amounts between 3 and 6 mg m-2 of 
Saharan dust were deposited over Italy. This agrees with direct measurements (Le 
Bolloch & Guerzoni, 1995; Loye-Pilot and Martin, 1996) and historical inventories 
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(Bücher, 1989) that indicate a maximum in spring and autumn, both as rain and as dry 
transport.  
Transport from North Africa to the Eastern Mediterranean occurs mainly during spring 
and is commonly associated with the direct passage to the east of a low pressure system, 
while the dust coming from the Middle East is transported more frequently to the 
Mediterranean in autumn (Dayan, 1986; Kubilay et al., 2000).  
An analysis of 23 episodes of dust deposited in Israel over 200 years (Ganor et al., 
1991) have identified that North Africa is the most common source area, especially the 
south of Algeria. Ganor et al. (1991) and Ganor & Foner (1996) were able to identify 
materials from the Hoggar Massif and the mountains of Antibes (Fig. 3). The African 
source areas of dust reaching the Eastern Mediterranean are the Libyan, Egyptian and 
the Sinai Desert (Yaalon & Ganor, 1979). These regions correspond to the sources A3, 
A4 and M3 of Fig. 3. Another major source area is the Arabian Peninsula.  Ganor 
(1991) and Ganor & Foner (1996) identified three main paths, which are represented in 
Fig. 3. The dust from the source regions M3 and A4 fall down mainly in Israel, that 
from  source A3 is transported by winds to Turkey through the Levantine Basin and the 
dust from the Arabian Peninsula is transported by winds from the east and south-east to 
Israel.  
 
 
1.3 Effects of dust deposition on marine systems 
Beyond the fact that dust storms may be harmful to human activity since they favor the 
advance of desert areas over arable grounds or they reduce visibility, they may also 
affect marine ecosystems. The million tons of dust that are transported annually away 
from their sources and onto the ocean have different impacts on marine communities 
and ecosystems, in different parts of oceans. 
Garrison (2003) suggested that the dust transported from Africa and Asia to the 
Americas may be adversely affecting coral reefs and other downwind ecosystems in the 
Caribbean region. Pathogenic microorganisms, transported with dust, could be 
responsible for some diseases occurring in coral reefs. Chemical contaminants can also 
alter the resistance of coral reef organisms to diseases, alter reproduction or larvae 
survival, play havoc with calcification or behave like a toxin, beginning cascading 
effects. Dust can enhance phytoplankton blooms and support a shift from coral to algal 
dominated reefs. In that same line Hill et al. (2010) found that inputs of dust from the 
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Sahara could change the composition of microbial communities in the tropical eastern 
North Atlantic. 
Indirect effects on marine ecosystems can derive from the effect of aerosols on 
temperature. Evan et al. (2009) by feeding satellite data into a model of ocean-
atmosphere energy exchange have found that all the dust and aerosol particles are 
responsible for up to 67% of the variability in ocean temperatures. In other words, if it 
were not for the cooling effect of these particles, ocean temperatures could be much 
warmer than they are now.  
As dust carries many elements essential to life (generically referred to as nutrients), the 
input of dust in marine systems may affect the growth of marine plankton in the upper 
ocean where it is common to find nutrients in short supply. 
In some regions, the atmosphere provides a vital transport path for nitrogen and iron 
(Duce et al., 1991). Studies have also suggested that atmospheric nitrogen is 
quantitatively an important source of external or ‘‘new’’ nitrogen to many 
geographically diverse marine and freshwater ecosystems (Paerl, 1993, 1995; Jassby et 
al., 1994).  
Nitrogen species are important constituents of aerosols and derive from a large number 
of reactions involving mainly NOx and ammonia (NH3). Nitrogen has a major impact 
on primary production and eutrophication. It was found that the contribution of 
atmospheric nitrogen might be partly responsible for eutrophication of coastal or 
estuariene waters and for the emergence of harmful algal blooms, through direct or 
indirect contributions of rivers (Fisher et al., 1988; Mallin et al., 1993; Pearl et al., 
1993). Organic nitrogen of atmospheric origin can also contribute to fuel bacterial and 
phytoplankton growth (Seitzinger & Sanders, 1999). 
Phosphorus is another bio-limiting macronutrient that has great importance in primary 
production. Unlike nitrogen, the biogeochemical cycle of phosphorus does not include a 
gaseous phase. For this reason, phosphorus can be found in air only related to 
atmospheric particles, either in the form of inorganic (PO3-4) or organic phosphorus. 
Large amounts of phosphorus can be absorbed on the surfaces of crustal particles rich in 
Fe (Molinaroli & Guerzoni, 2005). 
Iron is another essential nutrient for all organisms, used in a variety of enzyme systems, 
including those for photosynthesis, respiration, and nitrogen fixation (Falkowski et al., 
1998; Morel et al., 2003). However, iron is very insoluble under oxidizing conditions 
above pH 4 (Kraemer, 2004). For marine phytoplankton, separated from the iron-rich 
 8 
sediment of the ocean floor by considerable water depths, physiological iron 
requirements must be met from within the water column. Iron supply is a limiting factor 
on phytoplankton growth over vast areas of the modern ocean, although this may not 
have been so in the distant past, when prokaryotes first evolved in a anoxic ocean 
(Falkowski et al., 1998). The dominant external input of iron to the surface of the open 
ocean is aeolian dust transport, mainly from the great deserts of the world. 
The carbonaceous aerosol component is a complex mixture, consisting of a fraction of 
elemental carbon, a fraction of organic carbon and a fraction of carbonates. These 
compounds are present in large quantities in atmospheric dust. The first two are a 
predominantly anthropogenic and are a significant portion, while carbonates are 
typically composed of crustal origin. While organic and black carbon of atmospheric 
origin (Jurado et al., 2008) may affect microbial dynamics in some cases (Cattaneo et 
al., 2010; Lekunberri et al., 2010), carbonates are not in short supply in the ocean. 
Silicate is the most abundant mineral on Earth, contributing 90% to the crustal surface. 
It is a structural element of some phytoplankton groups being the diatoms the most 
relevant for their role in oceanic production. Thus, it may become limiting in the upper 
ocean. Conley et al. (1993) has found a decrease in dissolved silicate levels in many 
world regions. Increasing cultural eutrophication promotes the removal of fixed 
biogenic silica from the water column towards the sediment, decreasing the amount of 
dissolved silica. This mechanism can create a change in phytoplankton populations 
(Admiral et al., 1990; Turner & Rabalais, 1994), with a predominance of nonsiliceous 
organisms. The Bodélé depression in North Africa is the world’s largest source of 
silicate (Moreno et al., 2006), with a potential for a contribution of silica from Saharan 
dust in the Mediterranean. 
The input of trace metal micronutrients other than iron through atmospheric deposition 
may also be important in some situations. In contrast, a negative effect, presumably of 
copper, on some phytoplankton growth was found in incubations with aerosols in the 
Red Sea (Paytan et al., 2009). 
 
1.4 The Mediterranean Sea and Saharan dust 
The Mediterranean is a large semi-closed basin which covers an area of ca. 2.5 million 
km2. It is connected with the Atlantic Ocean through the Strait of Gibraltar, 15 km wide, 
and bordered on the north by Europe, on the south by Africa and on the East by the 
Middle East. Geographically it extends about 800 km along the north-south profile, 
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between 30° N and 46° N and is approximately 4000 km along the east-west profile, 
between 5.5° W and 36° E. The entire Mediterranean coastal system extends to ca. 
46000 km passing through 20 countries. 
The Mediterranean basin contains some of the most oligotrophic waters in the world 
(Dugdale & Wilkerson, 1988). The Strait of Gibraltar controls the exchange between 
Atlantic and Mediterranean waters, with an important influence in circulation and 
marine productivity. Warm surface Atlantic water flowing into the Mediterranean has 
low nutrient concentrations owing to Atlantic phytoplankton activity. During its travel 
eastward, nutrients decrease even more (Bethoux et al., 1997). Other factors such as 
evaporation and salinity increase by up to 10% (Milliman et al., 1992). This generates 
the Mediterranean deep water, much denser, which flows out beneath the lighter 
Atlantic water. This circulation creates a west-east gradient in nutrient concentration 
(Krom et al., 1991) and phytoplankton productivity (Turley et al., 2000). This gradient 
is clearly visible from space (Fig 5). Turley et al., (2000) showed that primary 
production is on average three times lower in the Eastern basin than in the Western 
basin. The highest levels of biomass and productivity usually occur along the coasts 
(Antoine & Morel, 1995), near major cities and at river estuaries.  
Phosphorus is the most important limiting nutrient followed by nitrogen (Margalef, 
1963; Berland et al., 1980; Estrada, 1996) in the Mediterranean Sea. Different 
mechanisms increase nutrient concentrations in the photic zone, such as vertical mixing 
of water column in winter, coastal upwelling, river runoff, input from the Atlantic 
Ocean, the presence of gyres and eddies, fronts and divergence zones. The main 
temporal mechanism is winter overturn. Winter cooling water weakens the thermocline, 
enabling the vertical mixing of upper surface water with deep water rich in nutrients. In 
general, the annual cycle of chlorophyll in the Mediterranean has its maximum in 
January and its minimum in August (Longhurst, 1998), but during the year other minor 
peaks may occur, owing to internal mechanisms and a variety of forcing factors as 
mentioned above and including Saharan dust deposition. 
The potentially intrusion of Saharan dust in the atmosphere over the Mediterranean 
Basin has received less attention than that posed by the spread of dust to the Atlantic. 
However, episodes of transport of Saharan dust to the Mediterranean are quite frequent 
and of high intensity. In particular, the most significant episodes (outbreaks) fluctuate 
between 5 and 20 events for year (Prodi & Fea, 1979; Loye-Pilot & Martin, 1996; 
Rodriguez et al., 2001) and are more likely to occur during April to August and during 
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October-December (Molinaroli 1996). 
The biogeochemical impacts of atmospheric dust-derived Fe and other nutrients on 
oligotrophic low nutrient-low chlorophyll (LNLC) environments are still poorly 
understood (Pulido-Villena et at. 2010; Volpe et al., 2009). This issue has received little 
attention compared to the large number of investigations of the impact of iron supply on 
productivity in high nutrient-low chlorophyll (HNLC) oceanic regions using bioassay 
experiments (Martin et al., 1994), mesoscale artificial iron fertilization experiments (de 
Baar et al., 2005; Boyd et al., 2007) and natural fertilization studies (Pollard et al., 
2007, Blain et al., 2008). However, the LNLC oceanic regions represent 60% of the 
global ocean (Longhurst et al., 1995) and over 50% of the global oceanic carbon 
exports (Emerson et al., 1997). Most of the P, Fe and trace metal supplied to the 
Mediterranean Sea seems to come from Saharan dust storms (Carbo et al., 2005; 
Pulido-Villena et al., 2010; Theodosi et al., 2010). 
The biogeochemical effect of dust in LNLC waters has been explored through micro 
and mesocosm experiments where different combinations of nutrients and dust were 
added to a natural assemblage of plankton. They showed moderate but significant 
responses of both heterotrophic and autotrophic organisms (Guieu et al., 2010; 
Lekunberri et al., 2010). Volpe (2002), analyzing in situ measurements found that 
atmospheric deposition can induce significant productivity changes. On the other hand, 
satellite data, combined with modeling, have allowed the study of the seasonal and 
annual variability in deposition, showing an increased trend in dust days and dust 
transport over the Mediterranean basin (Antoine & Nobileau, 2006; Ganor et al., 2010), 
the long-range transports of dust in the global atmosphere (Prospero,1999; Chiapello et 
al., 2002; Schulz et al., 2004; Sauvage et al., 2004), the distribution of mineral dust 
(Schulz et al., 1998; Prospero,1999) and chlorophyll variations (Antoine & Morel, 
1996; Behrenfeld & Falkowski, 1997). 
 
1.5 Purpose of the research 
The purpose of this work is to further explore the potential fertilization of the surface 
waters of the Mediterranean Sea through Saharan dust inputs. One of the premises is 
that this potential effect is directly or indirectly reflected in phytoplankton biomass as a 
proxy of system primary production. This should be a weak signal in general and more 
likely than not delayed in time with respect to the input of dust. Even if changes in 
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plankton activity are found in the laboratory within a short time from dust input, the 
translation of this activity into changes in biomass, with all the negative feedbacks 
(sinking, predation, viruses,...) that exist on phytoplankton biomass, should be slow and 
small. On the other hand, dust pulses tend to be large in spatial scale and effects on 
plankton production, even if small, should be seen over large areas. 
Thus, the approach is to use the large scale synoptic data that satellites can provide and 
modeling and reanalysis data that can give similar temporal resolutions and spatial 
coverage, in order to relate dust deposition over the sea with primary production. 
Consequently, this study will not deal with the identification of what component of dust 
is producing an effect, if any, on system production and its mechanistic understanding. 
The development of my doctoral thesis will also encompass collecting and analyzing a 
two year time series of aerosol deposition at two coastal sites (Barcelona and Blanes), 
where dust from remote locations will not be the only component, but will include local 
crustal material as well as organic material of natural and anthropic sources. This time 
series will be analyzed in conjunction with coastal water parameters such as inorganic 
nutrients, total organic carbon, chlorophyll, bacteria, and other in order to shed light on 
possible mechanistic interactions. The doctoral dissertation will be completed with 
laboratory experiments of deposited aerosol amendments to study the potential response 
of plankton. 
 
2. Materials and methods 
In order to relate the input of Saharan dust in the Mediterranean with marine production 
I have used two approaches. The first one focuses on large events and the second one is 
of a statistical nature. 
 
2.1 Large events approach 
I inspected true color SeaWiFS satellite images (Sciarra et al., 2004) for Saharan dust 
events of different magnitudes over the Mediterranean basin (Fig. 6). I made sure that 
the dust was depositing on the water rather than just traveling across the Mediterranean 
by checking wind back-trajectories for the events with the NOAA HYSPLIT model 
(Draxler, 1996; Draxler & Hess, 1997; Draxler & Hess, 1998) (Fig. 7). I set the origin 
over the sea at 100 m altitude and tracked the wind back for several days to make sure 
the air mass was coming from a dust source area in Africa. I also looked at maps of dust 
deposition over the area from the BSC DREAM (Barcelona Supercomputing Center - 
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Dust Regional Atmospheric Model) model (Fig. 7) (Nickovic et al., 2001, Pérez et al., 
2007). Five events were chosen for the analysis of the response of chlorophyll. These 
events took place on Mar. 4 2002, Feb. 22 2004, Aug. 19 2004, Jul. 28 2005 and Mar. 
27 2007 (Fig. 6). 
Chlorophyll data concentrations were obtained from the GIOVANNI (GES - DISC 
Interactive Online Visualization ANd aNalysis Infrastructure, 
http://disc.sci.gsfc.nasa.gov/giovanni) database. The dataset used was from 
reprocessing-5, 9 Km resolution, 8-day averages. I extracted data for 179 different areas 
of the Mediterranean Sea (Fig. 8). Each area was 1ºx1º in size. In each area, the time of 
the first positive peak in chlorophyll after the dust event was recorded (Fig. 9). When 
negative peaks in chlorophyll appeared just after the dust event, their timing was also 
recorded, as well as the first positive peak after this negative peak. I did not go beyond 5 
8-d periods after the dust event. Maps were then generated from these timings in order 
to identify coherent spatial patterns in the timing of chlorophyll peaks. 
 
2.2 Statistical approach 
We cross-correlated chlorophyll data with modeled dust deposition data output from the 
BSC-DREAM. Daily deposition data (2001-2007) was output for 1°X1° grid between 
31°N and 44°N and 5°W and 35°E. Deposition data was separated into dry, wet and 
total. Chlorophyll data was obtained from SeaWiFS using the GIOVANNI tool as 
above. 
Deposition was averaged over 8-d periods to match chlorophyll data. In order to 
minimize lateral water advection influences, we used 3°X3° oceanic areas. This area is 
safe for over a month, even in relatively high average horizontal currents of 5 to 10 cm 
s-1 (Zavatarelli & Mellor, 1994). I came up with 11 such areas distributed over the 
different Mediterranean basins (Fig. 10). Matlab was used to analyze the data and cross 
correlations were done for each area with a maximum lag of 5 8-d periods. 
 
3. Results 
The chlorophyll time series show peaks between December and March (Fig. 11). In 
general average and peak concentrations are larger in the Western than in the Eastern 
Mediterranean. Also peak amplitude and variability tends to be larger in the Western 
Mediterranean, where more variability is observed. Especially the Northwestern 
Mediterranean seems to be largely influenced by terrigenous inputs, mainly from the 
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Rhone River. The importance of the seasonal peak is larger in the Eastern 
Mediterranean (63% in the area 34-35°N, 20-21°E) than in the Western Mediterranean 
(39% in the area 41-42°N, 5-6°E), despite lower average chlorophyll values and lower 
seasonal peaks. Daily dust deposition time series also show lower inputs in the Western 
Mediterranean and a less seasonal pattern than in the Eastern Mediterranean (fig. 11). 
The dust of each of the large scale events that we picked from true color images 
originated in the Sahara desert and covered a large area of the Mediterranean basin 
(Figs. 6 and 7). The event of Mar. 4 2002 extended throughout the Mediterranean, the 
events of Feb. 22 and Aug. 19 2004 are located mainly in the Western Mediterranean, 
the events of Jul. 28 2005 covers parts of the Western and central Mediterranean and the 
event of Mar. 27 2007 moves from the central to the Eastern Mediterranean (Fig. 6). 
The events of February and March occur during the high chlorophyll phase when 
compared to the Mediterranean chlorophyll climatic mean (Longhurst, 1998) while the 
events of July and August occur during the potentially lowest possible chlorophyll 
levels (Fig. 12). 
Saharan dust deposition over the Mediterranean was followed by spatially coherent 
changes in chlorophyll concentration in most cases (Figs. 13 to 17). Perhaps the Mar. 
27, 2007 event is the one resulting in the least coherent signature in chlorophyll maxima 
after the event with only an area in the central Mediterranean showing a coherent 
response in ca. 3 8-d periods (Fig. 17). The Mar. 3, 2004, on the contrary showed a 
clear response in the central Mediterranean during the first 8-d period after the event 
(Fig. 13). Coherent responses in the Western Mediterranean (3 8-d periods after the 
event) and the Eastern Mediterranean (2 and 3 8-d periods after the event) are apparent 
for the Aug. 19 2004 dust storm (Fig. 15), while the Jul. 28 2005 dust storm shows 
responses 2 and 3 8-d periods after the event in the Western Mediterranean and 4 8-d 
periods after the event in the Eastern Mediterranean (Fig. 16). The event of Feb. 22 
2004 showed coherent chlorophyll maxima 3 8-d periods after the event in the 
Northwestern Mediterranean and 1 and 2 8-d periods in the Alboran Sea (Fig. 14). 
Chlorophyll maxima peaks after the event in this area were mixed with the main 
seasonal chlorophyll peak, although it seems from the climatic data that the dust input 
may have enhanced this peak (Fig. 18). In the Central and near Eastern Mediterranean, 
despite showing lower average chlorophyll values, peaks after the event are clearly 
distinguishable and independent of the climatic data with 1 to 2 8-d lags. Often times, 
chlorophyll levels show a negative peak after the dust event before a maximum peak is 
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observed. After the Feb. 22 2004 event these minima appeared mainly in the Western 
and central Mediterranean with generally a lag of 1 8-d period (Fig. 14). Minima were 
not found in the Eastern Mediterranean. 
Positive chlorophyll peaks after the deposition event represented increases of 20 to 
48%. In February-March, when chlorophyll is decreasing on average, peaks after dust 
events were in general fast, especially in the central and Eastern Mediterranean, except 
for the Mar. 27 2007 event which did not show a clear response. Slower average 
responses were observed in late July and August. 
Statistical analyses of the 11 3°X3° areas (Fig. 10) shows that 8-d averaged daily 
deposition data is highly variable as is seen from the coefficients of variation that range 
from 65% to 655% over the period 2001 to 2007 (Table 2). This variability is much 
larger than that of chlorophyll (24% to 57%) even if chlorophyll shows a clear annual 
spike. It is also clear that dry deposition is larger in the central and Eastern 
Mediterranean areas, than in the Western Mediterranean. Wet deposition data is not so 
clear but in general it is also somewhat larger in the Eastern and especially the central 
Mediterranean, albeit the relative importance of dry deposition in these areas is largest. 
Thus, the amount of daily total deposition in the central and Eastern Mediterranean in 
on average larger by 2,8 times. At the same time, chlorophyll concentration is larger in 
the Western than in the Eastern Mediterranean (Table 2). 
Cross-correlations between chlorophyll and deposition were lowest in areas 1 to 3, 
especially in areas 1 and 2, that correspond to the Western Mediterranean (Figs. 19 to 
21). The highest cross-correlations were found for areas 9 and 11, in the Eastern 
Mediterranean, with values between 0.40 and 0.48. Wet and total deposition cross-
correlated with chlorophyll almost identically in all areas, while dry deposition showed 
slightly different time lag patterns. Dry deposition in general showed somewhat lower 
chlorophyll cross-correlation values than wet and total deposition, with the exception of 
areas 9 to 11 where dry deposition showed the larger cross-correlation values. There 
does not seem to be a general pattern for time lag with cross-correlation peaks at 1 to 4 
8-d period lags. The average time lag is between 1 and 2 8-d periods when peaks at 0 
time lags are considered and between 2 and 3 8-d periods when they are not. 
 
4. Discussion 
This study shows evidence that chlorophyll concentration dynamics in the surface 
Mediterranean respond to Saharan dust input. In general we find spatially coherent 
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chlorophyll dynamics one to a few weeks after large events that one would not expect 
without a driving force. Cross-correlation statistics also show a relationship between 
actual dust deposition and chlorophyll responses. It is also true that the responses are 
not universal, show variability for different areas in the Mediterranean and are in 
general relatively weak. 
Large dust events as the ones seen from satellite images (Fig. 6) may give the 
impression of a localized input of dust but this may or may not be true. Images tend to 
be for restricted to a certain area of the Mediterranean and we do not know how other 
areas are affected. It is often the case that dust events start strong over the Western 
Mediterranean and as weather patterns move from west to east, become stronger a few 
days later over the central and Eastern Mediterranean. This was the case, for instance, of 
the event of Feb. 22 2004. It started mostly in the Western Mediterranean from 20-22 
Feb. and continued from 21-28 Feb. in the central part of the Mediterranean and from 
25 Feb. to 4 Mar. in the far Eastern Mediterranean. Thus, we took the events as 
affecting the whole Mediterranean basin, albeit this is surely not always the case and 
that there may be differences in the timing and the intensity of dust deposition in 
different areas that increase analysis variability. 
Although the Mediterranean basin is a semi-closed entity, it cannot be considered a 
uniform reality affected by the same type of dynamics. This appears evident in the 
different chlorophyll responses found in the Western and Eastern sub-basins. The 
Western Mediterranean is smaller with more land presence, has a larger influence of 
Atlantic waters and a greater anthropogenic pressure owing to the higher economic and 
industrial development in southern Europe. It should also be considered that the 
Western basin has important areas of upwelling, such as the Alboran Sea and the Gulf 
of Lions. The mixing layer is shallower than in the Eastern Mediterranean allowing 
more nutrients of deep rich waters to reach the euphotic surface. There is also a 
relatively large river discharge. The Rhone and Ebro rivers discharge in the 
Mediterranean 2300 m3s-1 of water on average (Strugila et al., 2004; Liquete et al., 
2004). Comparatively, the Nile river discharge, after the Aswan dam construction, is 
only 1200 m3s-1. All these factors contribute to a lower nutrient concentration in the 
Eastern Mediterranean and a potentially larger influence of nutrients of atmospheric 
origin. This would be in accordance with a generally faster response of chlorophyll to 
dust input in the Eastern Mediterranean and the higher cross-correlations observed. At 
the same time, the Eastern Mediterranean, and especially the central Mediterranean 
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receives more deposition. The central and Eastern Mediterranean receive 2.8 times more 
Saharan deposition per unit area than the Western Mediterranean with a larger 
prominence of dry deposition (4.1 times more). Annual depositions range from 0.58 to 
2.37 g dust m-2 in the Western, 2.61 to 6.24 g dust m-2 in the central and 1.4 to 2.54 g 
dust m-2 in the Eastern Mediterranean. However, single episodes, like the one of Feb. 
22, 2004 can represent depositions between 0.37 and 2.00 g m-2 of dust depending on 
location, showing the potential for affecting marine plankton when dust comes in such 
large doses. Also the nature of deposition may affect differently. Areas 1 and 2 in the 
Western Mediterranean although having the lowest overall cross-correlations between 
deposition and chlorophyll (Figs. 19 to 21), are remarkably different in their response to 
wet deposition (slightly positive correlations) and dry deposition (slightly negative 
correlations). The cross-correlation of total deposition closely resembles that of wet 
deposition meaning that this type of deposition is perhaps more effective in affecting 
plankton in these areas. 
In a recent paper, Volpe et al. (2009) could not disentangle chlorophyll responses to 
AOT (apparent optical thickness, a proxy for dust in the atmosphere) from satellite data 
cross-contamination, and conclude that dust fertilization does not play a significant role 
for plankton dynamics in the Mediterranean. Our study does not suffer from AOT-
chlorophyll signal contamination since we use actual deposition data, and we find both 
significant cross-correlations with chlorophyll as well as spatially coherent responses to 
large events, albeit we agree with Volpe et al. (2009) that dust deposition is not the 
major force driving plankton dynamics. No large increases owing to dust is also the case 
for the Canary Islands (Pérez-Marrero et al., 2004). We explicitly avoid the use of high 
frequency data since for plankton metabolic responses which are fast (Marañón et al., 
2010) to translate into visible chlorophyll biomass differences, a time lag of several 
days, at least, is needed, especially with low level fertilizations. When experiments of 
dust amendment have been done it is not uncommon to find initial decreases of 
chlorophyll probably as a result of competition with bacteria, while phytoplankton 
responds later as nutrients are recycled again (Lekunberri et al., 2010). Whether 
chlorophyll decreases after a dust deposition event in the ocean are also related to this 
mechanism or have more to do with metal inhibition (Paytan et al., 2009) remains to be 
tested.  
At the same time the sedimentation of fine dust particles in the water column may be of 
the order of 5 cm d-1 (Ridame & Guieu, 2002), denoting a long residence time and again 
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the need of longer times for mechanisms to operate in the upper water column. Finding 
responses when longer times are integrated is a further indication of possible system-
wide effects. I also made sure that horizontal advection effects are minimized, by 
choosing relatively large area, for cross-correlation analyses. Otherwise, statistics may 
lose significance if a chlorophyll value at a given time is correlated with depositions 
that have occurred over different water masses. The change of longitudinal distance 
with latitude per degree gives slightly larger areas the further equatorward we move. 
Thus, statistical reliance will be somewhat better for the more southern areas, and 
consequently for the central and Eastern Mediterranean areas than for the Western 
Mediterranean areas. Cross-correlations with equal size areas remains to be explored 
but it is unlikely that the differences found between basins will change. As is often the 
case with satellite data, we are missing deeper water dynamics which may be 
ecologically different from the surface mixed layer, and it is not clear to what extend 
surface chlorophyll data is representative of the whole mixed layer. 
 
4.1 Concluding remarks 
While we cannot prove causality, results indicate a more than likely relationship 
between dust deposition and chlorophyll in the Mediterranean. The Western 
Mediterranean, subject to powerful and multiple sources of variability and a lower 
overall deposition, tends to show no response or masked responses under normal 
circumstances, albeit large dust events may escape such trend. The central and Eastern 
Mediterranean tend to show more consistent responses in chlorophyll to dust deposition 
with time lags of one to a few weeks. We hypothesize this is due to the lower natural 
nutrient level, less overall large scale variability and a higher dust deposition in the area. 
As desertification advances in North Africa and deposition events seem to increase 
(Avila & Peñuelas, 1999) while global chlorophyll trends seem to show a decrease 
(Boyce et al., 2010), the effect of dust driving plankton dynamics should increase. 
This study will serve as the baseline for further detailed studies on Mediterranean 
chlorophyll variation, as well as with laboratory experiments and coastal in situ 
sampling. 
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7. Tables and figures 
 
 Table 1. Estimation of global dust emissions to the atmosphere. 
Source Dust (Mt yr-1) 
Peterson & Junge (1971) 500 
Schütz & Sebert (1987) 2000 
Andreae (1995) 1500 
Duce (1995) 1000-2000 
Tegen et al. (2001) 800-1700 
Ginoux et al. (2003) 1950-2400 
Jickells et al. (2005) 1700 
 
 Table 2. Descriptive statistics summary of 8-d averaged daily deposition and 
chlorophyll data for the 11 3°X3° areas chosen for cross-correlation analysis. Data 
corresponds to years 2001 to 2007. 
  Western Mediterranean Central Mediterranean Eastern Mediterranean 
 Areas 1 2 3 4 5 6 7 8 9 10 11 
             
Dry deposition 
(mg m-2 d-1) 
average 0.84 1.75 1.63 1.60 7.64 5.78 13.00 9.13 5.77 2.48 1.25 
median 0.10 0.48 0.30 0.21 3.52 2.08 1.47 1.28 1.27 0.77 1.06 
CV 63% 85% 92% 155% 275% 232% 86% 76% 180% 274% 405% 
             
Wet deposition 
(mg m-2 d-1) 
average 0.76 1.48 4.86 12.03 6.27 1.37 2.75 7.97 1.19 1.37 5.22 
median 0.05 0.32 0.27 0.35 0.51 0.41 0.50 0.60 0.71 0.35 0.38 
CV 278% 278% 92% 64% 168% 655% 384% 109% 594% 427% 114% 
             
Total deposition 
(mg m-2 d-1) 
average 1.60 3.24 6.49 14.64 13.91 7.15 15.76 17.10 6.96 3.85 6.47 
median 0.21 1.08 0.83 1.33 4.57 2.94 2.25 1.96 2.14 1.29 1.77 
CV 155% 157% 83% 77% 195% 264% 123% 83% 234% 313% 162% 
             
Chla 
(mg m-3) 
average 0.40 0.39 0.29 0.19 0.23 0.17 0.15 0.17 0.15 0.16 0.15 
median 0.26 0.18 0.16 0.14 0.13 0.11 0.11 0.11 0.10 0.11 0.10 
CV 57% 36% 30% 29% 30% 29% 28% 24% 26% 27% 25% 
 
  
 
Figure 1. Cycle undergone by a desert dust particle. From: the Barcelona 
Supercomputing Center DREAM8b (Dust REgional Atmospheric Model) website 
(http://www.bsc.es/projects/earthscience/DREAM/).  
 
  
 
Figure 2. Major sources of aerosol of crustal origin. From: Meigs, 1953. 
  
 
Figure 3. Main source areas of transport events that affect the European Mediterranean 
basin and the Atlantic Ocean. The arrows indicate the main routes of dissemination of 
dust. From: Herrmann et al. (1999). 
 
  
 
Figure 4. Amount of Saharan dust mobilized and transported into the three main 
diffusion directions. The numbers represent the amount of variation with distance from 
the origin zone. The gray areas represent all possible source areas of mineral dust. The 
quantities are expressed in Mt yr-1. From: Bücher & Lucas (1984).  
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Fig. 1. NOAA AVHRR Images of (a) the Mediterranean Sea through the narrow Strait of Gibraltar and
(b) a Saharan dust storm showing transport and deposition off the west coast of Africa. (c) The Ocean
colour Sea-viewing Wide Field-of-View Sensor (SeaWiFS) image from Orbital Sciences Coorporations’
SeaStar satellite estimates of phytoplankton concentrations monthly composite during September 1997
and (d) SeaWiFS monthly composite image for September 1997 of land vegetation surrounding the
Mediterranean Sea.
 
 
Figure 5. Ocean color SeaWiFS image showing chlorophyll during September 1997. 
From: Turley (1999). 
 
  
 
Figure 6. True color SeaWiFS images of large Saharan dust events over the 
Mediterranean. 
  
 
Figure 7. Quality check example for dust depositing over the sea that refers to the Feb. 
22 2004 event. The left plot shows wind back-trajectories. It can be seen that air masses 
travelling at different heights may originate in different areas. In general, strong low 
height winds are needed for aeolian deflation and the dust then travels large distances at 
higher altitudes, depositing over the surface as winds decrease in altitude again. In order 
to infer deposition over the sea from back-trajectories it is important to consider these 
issues. The right maps show deposition output from the BSC-DREAM model. 
Deposition can occur dry or wet and may be combined in a temporal sequence in single 
events. 
 
  
 
Figure 8. Distribution of 1°X1° pixels analyzed for chlorophyll peaks after the large 
scale dust events. 
 
  
Figure 9. Examples of chlorophyll concentration after dust events in two different 
1°X1° pixels; the arrow points out the day of the dust event. 
 
  
 
Figure 10. Distribution of 3°X3°pixels analyzed for chlorophyll cross-correlation with 
deposition. 
  
Figure 11. Upper panels: chlorophyll time series (1998 to 2007) for two different 
locations in the Western (left panel) and Eastern (right panel) Mediterranean. Middle 
panels: corresponding spectral analysis of the chlorophyll time series. I used welch's 
algorithm in Matlab. Lower panels: 8-d averaged daily total deposition for the same 
areas (BSC-DREAM output, 2001-2007). 
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Figure 12. Climatic chlorophyll in the Mediterranean (after Longhurst, 1998). For 
illustration purposes of the annual chlorophyll peak, the plot shows 1.5 cycles. Selected 
dust episodes (from different years) are marked with arrows in the annual cycle. 
 
  
Figure 13. Map of 8-d time period lags in the first positive chlorophyll peak (with or 
without a prior negative peak) after the dust event of Mar. 4 2002. NO: no positive 
chlorophyll peak; no data: missing one or more satellite chlorophyll data points in the 5 
8-d periods after the dust events. 
 
  
 
Figure 14. Upper panel: as in Fig. 13 but for the Feb. 22 2004 event. Lower panel: Map 
of 8-d time period lags in the first negative chlorophyll peak (with no prior positive 
peak) after the dust event of Feb. 22 2004. NO: no negative chlorophyll peak; no data: 
missing one or more satellite chlorophyll data points in the 5 8-d periods after the dust 
events. 
  
Figure 15. As in Fig. 13 but for the Aug. 19 2004 event. 
 
  
Figure 16. As in Fig. 13 but for the Jul. 28 2005 event. 
 
  
Figure 17. As in Fig. 13 but for the Mar. 27 2007 event. 
  
Figure 18. Dynamics of chlorophyll for 2004 for different 1°X1° pixel areas (c091: 
35.5-36.5 °N, 2-3 °W; c013: 41-42 °N, 5-6 °E; c111: 34-35 °N, 14-15 °E; c117: 34-35 
°N, 20-21°E). Vertical bar marks the dust event. Insets in each panel show the 
chlorophyll climatic mean and standard error for 1998-2007. 
 Figure 19. Cross-correlation plots of chlorophyll and daily dry deposition in different 
3°X3° areas of the Mediterranean. Lags are 8-d periods. 
 Figure 20. As Fig. 19 but for daily wet deposition. 
 Figure 21. As Fig. 19 but for daily total deposition. 
 
